Abstract The human sense of smell decreases with age, and a poor sense of smell are among the most important prodromal symptoms of several neurodegenerative diseases. Recent evidence further suggests a racial difference in the sense of smell among U.S. older adults. However, no genome-wide association study (GWAS) on the sense of smell has been conducted in African-Americans (AAs). We performed the first genomewide meta-analysis of the sense of smell among 1979 AAs Electronic supplementary material The online version of this article
and 6582 European-Americans (EAs) from three U.S. aging cohorts. In the AA population, we identified nine novel regions (KLF4-ACTL7B, RAPGEF2-FSTL5, TCF4-L O C 1 0 05 0 5 4 7 4 , P C D H 1 0, K I A A 1 7 5 1 , M Y O 5 B , MIR320B1-CD2, NR5A2-LINC00862, SALL1-C16orf97) that were associated with the sense of smell (P < 5 × 10 −8 ). Many of these regions have been previously linked to neuropsychiatric (schizophrenia or epilepsy) or neurodegenerative (Parkinson's or Alzheimer's disease) diseases associated with a decreased sense of smell. In the EA population, we identified two novel loci in or near RASGRP1 and ANXA2P3 associated with sense of smell. In conclusion, this study identified several ancestry-specific loci that are associated with the sense of smell in older adults. While these findings need independent confirmation, they may lead to novel insights into the biology of the sense of smell in older adults and its relationships to neuropsychological and neurodegenerative diseases.
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Introduction
The human sense of the smell is a complex trait that affects the safety, nutrition, quality of life and psychosocial function of human beings [1, 2] . Poor sense of smell is common among older adults and independently predicts overall mortality [3] . Further, accumulating evidence suggests that poor sense of smell is one of the earliest prodromal symptoms for main neurodegenerative diseases such as Parkinson's disease (PD) and Alzheimer's disease (AD) [4] [5] [6] . Epidemiological studies have consistently shown that the sense of smell decreases with age and is worse in men than in women [7] . Recent evidence from the U.S. further suggests that African-Americans (AAs) have a poorer sense of smell than European-Americans (EAs), and that this racial difference cannot be explained by socioeconomic factors, cognition, physical or mental health, or several other health behaviors [7] .
Few studies have investigated the genetic basis for the sense of smell among older adults. Initial studies implicated genetic variants at human olfactory receptors (ORs) and ApoE ε4 allele [8, 9] . Recently, we performed a genome-wide metaanalysis on the sense of smell using HapMap 3 imputation reference panel among 6252 older EAs [10] . Although no SNP reached genome wide significance, our results suggested that MAPT (microtubule-associated protein tau) may play a role in regulating the sense of smell in older EAs, providing a potential genetic link between the sense of smell and neurodegeneration. Previous studies have almost exclusively been conducted among individuals with European ancestry. Despite the higher prevalence of anosmia among older adults of African ancestry, we are not aware of any studies that specifically investigate the genetic basis of the sense of smell among populations of African ancestry. Therefore, we conducted the first genome-wide meta-analysis on the sense of smell among AAs and updated the results for EAs using 1000 Genomes imputed variants.
Methods

Study Populations
The current study included 1979 AAs and 6582 EAs from three well-characterized U.S. aging cohorts: the Atherosclerosis Risk in Communities (ARIC) study, the Health, Aging, and Body Composition (Health ABC) study, and the Rush Religious Orders Study and Memory and Aging Project (ROS/MAP). Details of these cohorts have been described elsewhere [11] [12] [13] [14] . Briefly, the ARIC study is an ongoing longitudinal study that was established in 1987-1989 to investigate risk factors for cardiovascular diseases [11] . The Health ABC study is a prospective study established in 1997-1998 to investigate risk factors for disability and functional decline among older adults [12] . The ROS and MAP studies are longitudinal cohorts established in the mid-1990s to investigate aging and AD incidence and progression among adults 65 years or older [13, 14] . The total analytic sample included 1053 AAs and 3985 EAs from ARIC, 769 AAs and 1311 EAs from Health ABC, 157 AAs and 1286 EAs from ROS/MAP, all with valid data on genotyping and the smell identification test. Individual study protocols were approved by the respective Institutional Review Boards and all study participants provided written consent.
Smell Identification Test
The sense of smell was measured using a validated smell identification test at one of the cohorts' clinical evaluation centers during 2011-2013 for ARIC, 1999-2000 for Health ABC and 2001-2013 for ROS/MAP. The ARIC study used the 12-item Sniffin' Sticks test (Burghart, Wedel, Germany) [15] to evaluate the sense of smell and the Health ABC and ROS/MAP studies used the 12-item Brief Smell Identification Test (B-SIT, Sensonics, Haddon Heights, NJ, USA) [16] . Both tests assess participants' ability to smell and correctly identify 12 daily odorants, although the exact odorants are somewhat variable. In Sniffin' Sticks, each odorant is concealed in a felttip pen, while in B-SIT each odorant is concealed on a page of a booklet. In both tests, the participants were instructed to smell and identify the correct odorant from four possible answers in a multiple choice format. One point was given for each correct answer, with a total score ranging from 0 to 12. The score distributions were comparable across cohorts both in AAs and in EAs (Supplementary Fig. 1 ).
All cohorts also assessed global cognitive function during the visit in which the sense of smell was evaluated. The ARIC and ROS/MAP studies used the MiniMental State Examination (MMSE) that has a maximal score of 30 and the Health ABC study used the Modified Mini Mental Status Examination (MMMSE) with a maximal score of 100. Each cohort also determined ApoE genotypes by genotyping two ApoE variants at codons 130 and 176 (formerly 112 and 158) separately.
Genotyping, Quality Control and Imputation
Genotyping was performed independently by each cohort using either Affymetrix or Illumina platforms. For the ROS/MAP study, the genotyping data were generated in two batches for both AAs and EAs. Among ROS/MAP AAs, one batch was from the Alzheimer's Disease Genetics Consortium (ADGC; n = 86) and one batch was from the Children's Hospital of Philadelphia (CHOP; n = 71). Among ROS/MAP EAs, one batch was genotyped using Affymetrix (n = 998) and one batch Table 1) . Each cohort applied standardized quality-control filters for call rate, HardyWeinberg equilibrium P-value and other measures to exclude individuals and genotyped SNPs before imputation [17, 18] . Imputation to 1000 Genomes Phase 1 reference panel was performed by individual cohorts using IMPUTE2, miniMac2, or Beagle. Details of genotyping and imputations are provided in Supplementary Table 1 .
Association Analysis
Each cohort conducted race-specific GWAS analyses using either R, FAST [19] or PLINK [20] software using a standardized protocol. Sense of smell was defined as the natural log of the sense of smell score plus 1 to account for the few participants who had a score of B0^ [21] . Variants were defined as allele dosages based on an additive model. Linear regression was then used to model sense of smell in relation to variants adjusting for age, gender, study site, cognitive function, ApoE ε4 allele (carrier vs. non-carrier) and the first ten principal components (PCAs). After excluding INDELs and variants with either an imputation quality score below 0.3 or a minor allele count (MAC = 2*MAF*sample size) below 20 from individual cohorts, our meta-analysis included 15,719,983 SNPs in AAs and 12,972,359 SNPs in EAs. Effect estimates and standard errors from individual datasets were meta-analyzed using fixed-effect inverse variance weighting in METAL [22] . Genomic control was applied for each cohort before meta-analysis. The primary analyses were race-specific, but we also conducted multi-ancestry analyses using METASOFT [23] with the Han and Eskin randomeffects (RE2) model to combine the race-specific meta-analysis results from METAL.
We used quantile-quantile (Q-Q) plots and the genomic inflation factor (λ) to detect potential population stratification in each cohort as well as in the meta-analyses. We defined genome-wide significance as P-value <5 × 10 −8
. False discovery rate (FDR) was also applied for the adjustment of multiple comparisons [24] . We used R software (version 3.0.2) to generate Q-Q and Manhattan plots and LocusZoom 1.1 to generate regional plots.
Gene Set/Pathway Enrichment Analysis
To explore potential biological pathways that are associated with the sense of smell, we applied the improved gene set enrichment analysis for GWAS (i-GSEA4GWAS v2, http://gsea4gwas-v2.psych.ac.cn/) by mapping SNPs to the nearest gene (±100 kb). If multiple genes were located within the range of a given SNP, the closest gene was selected and assigned the association gene-wise P value. All SNP P values were log-transformed before generating the gene list. SNP label permutation was performed to reduce bias from larger loci having disproportionately larger numbers of SNPs. Enriched pathways were derived from multiple sources such as the KEGG and Gene Ontology database. The P values for pathways/gene sets were adjusted for multiple testing with a FDR < 0.05 as statistically significant.
Functional Prediction Analyses
To explore the functional relevance of the top SNPs from this GWAS analysis, we used the publicly available RegulomeDB (http://regulomedb.org/) [25] database to assign each variant an ordinal functional score. These calculations were based on a synthesis of regulatory data derived from ENCODE and other sources as well as computational predictions and manual annotations [25] .
RNA-Seq Transcript Expression Profiling
We further conducted eQTL analysis to interpret the GWAS findings at the transcript level. RNA expression data were generated from frozen postmortem dorsolateral prefrontal cortex brain tissues of 447 ROS/MAP participants. cDNA libraries were compiled on the Broad Institute's Genomics Platform using the strand specific dUTP method with poly-A selection [26] . Sequencing was completed on the Illumina HiSeq with 75 M reads of at least 101 base pair each. Final data were generated using Bowtie alignments and RSEM assemblies. 
Results
Population characteristics by race groups and individual cohorts are presented in Table 1 . Overall, AAs had poorer sense of smell and cognition than EAs, and were more likely to carry the ApoE ε4 allele. Across the cohorts, the smell score decreased with age and was positively associated with overall cognition in both race groups. In the EA population, poorer sense of smell was linked to male gender and the ApoE ε4 allele, while in AAs, these associations were not consistently observed across cohorts ( Table 2) . As evidenced by the Q-Q plots for both individual GWAS analyses and the meta-analyses (Supplementary Fig. 2 ), we did not observe evidence for hidden substructure or cryptic relatedness in race-specific or multi-ancestry analyses (λ ranged from 0.995 to 1.01). Results of the genome-wide meta-analysis are summarized in the Manhattan plots by race (Fig. 1) . In the AA population, a total of 37 SNPs achieved genome-wide significance (P meta < 5 × 10
−8
). After examining LD among these SNPs, we identified 9 SNPs that had the lowest P-value in each LD block (r 2 ≥ 0.8), with the P meta ranging from 4.21 × 10
(rs112989064 at 16q12.1) to 1.69 × 10 −9 (rs139300691 at 9q31.2) ( Table 3, Supplementary Table 2 and Fig. 2 ). In the E A p o p u l a t i o n , o n l y t w o S N P s , r s 7 8 6 3 3 3 6 7 (P m et a = 4.14 × 10 − 9 ) at 15q14 and rs145898638
(P meta = 4.04 × 10
) at 10q21.3 reached genome-wide significance. All of these top SNPs had a FDR value less than 0.02. For all the 11 SNPs, we repeated the meta-analyses using randomeffects model and obtained similar results (data now shown).
These top SNPs appeared to be race-specific (Supplementary  Table 3 ); the P meta of all top SNPs was >0.1 in the other race group with the exception of rs145898638 (P meta = 0.04 in AAs and 4.04 × 10 −8 in EAs). In addition, we conducted multiancestry meta-analysis using the RE2 model in METASOFT to account for sample heterogeneity and to identify genetic variants that might affect the sense of smell in both race groups. The most significant SNP was rs193020892 (P overall = 2.37× 10 Table 4) .
Using the RegulomeDB database, four of the top SNPs (rs16951602, rs116393901, rs78633367 and rs145898638) mapped to regulatory regions. Two additional top SNPs (rs72679931 and rs115661734) were in strong LD with SNPs (rs72679948 and rs115356618, respectively, Supplementary Table 2 ) that were also in regulatory regions. These variants showed evidence of transcription factor biding sites, DNase I hypersensitivity peaks and/or spliced human ESTs regions. Among significant SNPs, we were able to perform eQTL analysis for only 2 SNPs (rs72679931 and rs16951602) which had genotyping data available. However, we did not observe any significant associations between these 2 SNPs and nearby gene expression levels using RNA-seq data of 447 postmortem frontal-cortex tissues from the ROS/MAP study (data not shown). We further performed gene set/pathway enrichment analyses using i-GSEA4GWAS server to identify plausible biological pathways that are associated with the sense of smell separately in AAs and EAs. We queried approximately 2000 gene sets, including canonical pathways integrated from KEGG, BioCarta and Gene Ontology (GO) functional categories. Using a false discovery rate (FDR) of 0.05, we identified 37 enriched pathways in AAs and 2 in EAs (Supplementary Table 5 ). Although the overrepresented gene sets encompassed a range of biological functions, many are involved in neuron generation, neuron/neurite development, neurogenesis, neurotrophin signaling, cell projection, and neuron differentiation. Other prominent pathways included BAD phosphorylation, apoptosis, immunity and cellular morphogenesis.
In our previous GWAS study in EAs, we reported 13 SNPs that showed suggestive evidence for an association with the sense of smell (P meta < 10 ); we therefore compared the results of these 13 SNPs with our current analysis. Among these 13 SNPs, 11 were included in the current analysis (Supplementary Table 6 ). Results were similar in the EA population, while in the AA population, the P meta was >0.1 for all SNPs.
Finally, we conducted a post-hoc analysis to examine associations between PD-and AD-related susceptibility SNPs and the sense of smell. These top SNPs for PD and AD were identified primarily from GWAS analysis in European ancestries and GWAS data among AAs are very limited. Of the 35 top SNPs listed at http://www.pdgene.org/and http://www. alzgene.org/, only rs76904798 near LRRK2 in EAs (P meta = 5.57× 10 −5 ) reached statistical significance after accounting for Bonferroni correction (P < 0.05/35 = 1.43 × 10 −3 ). In AAs, none of the SNPs were statistically significant (data not shown).
Discussion
In this study, we conducted the first GWAS analysis of the sense of smell in older AA adults, and updated the findings of our previous GWAS study in EAs. Poor sense of smell has been shown to be a prodromal symptom for major neurodegenerative diseases such as PD and AD among individuals of European ancestry, but such data are largely lacking for adults of African ancestry. AAs have poorer sense of smell and higher risk for AD, but lower risk for PD compared with EAs [7, [27] [28] [29] . Therefore, investigating the risk factors for the sense of smell separately in AAs and EAs may not only provide insights into the potentially race-specific etiologies of poor sense of smell but also their relationships to neurodegenerative diseases.
In AAs, we identified nine regions that might be associated with the sense of smell. Two of these regions had multiple SNPs that reached genome-wide significance: 4q32.2 represented by rs72679931 and 1p36.33 by rs148809765. The SNP rs72679931 is located between Rap Guanine Nucleotide Exchange Factor (GEF) 2 (RAPGEF2) and Follistatin-Like 5 (FSTL5). The cdk5-mediated phosphorylation of RAPGEF2 has been demonstrated to control neuronal migration in developing cerebral cortex [30] . Mutation of RAPGEF2 in mice can affect the formation of the cerebral cortex and reduce the threshold for the induction of epileptic seizure; in addition, copy number variants of RAPGEF2 in humans may confer higher risk of familial schizophrenia [31] . In adult mouse brains, FSTL5 is selectively expressed at high levels in the olfactory system, hippocampal CA3 area, and granular cell layer of the cerebellum [32] . In humans, FSTL5 has been associated with the prognosis of medulloblastoma, and it is highly expressed in a specific cell population during neuronal development [33, 34] . The SNP rs148809765 is located in the intron region of KIAA1751 and upstream of gammaaminobutyric acid (GABA) A receptor, delta (GABRD). KIAA1751 is known as cilia and flagella associated protein 74 (CFAP74). Although little is known about the gene function of CFAP74, it's well documented that cilia are critical for proper olfactory function [35] . GABRD encodes a subunit of the ligand-gated chloride channel for GABA, the major inhibitory neurotransmitter in mammalian brain [36] . GABRD is highly expressed in the dentate gyrus subfield of the hippocampus where it helps to regulate neuronal activity and may be involved in the susceptibility of schizophrenia and epilepsy [37, 38] , both of which are associated with altered sense of smell [39] [40] [41] . Among the other loci identified in AAs, only one SNP at each locus reached genome-wide significance. The most significant SNP, rs139300691 at 9q31.2, is located 336 kb upstream of the gene Kruppel-like factor 4 (KLF4), a transcript factor expressed in neural stem cells with expression recently linked to increased oxidative stress and cell death in PD in vitro [42] . Additional top SNPs in AAs were mapped at or near protocadherin 10 (PCDH10), transcription factor 4 (TCF4), myosin VB (MYO5B) and CD2. These genes were reported to be essential in neuronal activity, normal brain development, memory and cognition [43] [44] [45] . Genetic variants in these genes have been linked to neuropsychiatric or neurodegenerative diseases that are often associated with olfactory dysfunction, for example, deletions of PCDH10 with autism-spectrum disorders, TCF4 with schizophrenia, CD2-associated protein with late-onset AD [43, 46, 47] . Of interest, KLF4 has been confirmed to directly interact with TCF4 in vitro [48] , suggesting our findings may have some biological connections that yet to be found.
Only two SNPs in EAs reached genome-wide significance. The SNP rs78633367 is located in the intron region of RAS guanyl releasing protein 1 (RASGRP1). Interestingly, RASGRP1 is expressed in neurons and is associated with the expression of LRRK2, a susceptibility gene for PD [49] . In our post-hoc analyses of top susceptible loci for PD, we found that a SNP near LRRK2 (rs76904798) was associated with the sense of smell in EAs, and this SNP was also ranked among the top 1000 SNPs in the GWAS analysis of EAs. In addition, we and others have previously shown that the ApoE ε4, the most important genetic contributor to sporadic AD [50] , and that the MAPT, a potential susceptibility gene for sporadic PD [51] , are also related to the sense of smell in EAs. Interestingly, in our samples, these associations were only found in EAs but not AAs, raising the possibility that the genetic risk profiles for the sense of smell may be different by race. Our observations also highlight the need to investigate neurodegeneration and related symptoms specifically among individuals of African ancestry.
Our study has a number of limitations. First, we did not have an independent confirmation which is often required for GWAS studies. This was primarily due to the lack of studies among older adults with both GWAS and the sense of smell data; this is particularly true for African Americans. For this reason, we chose to meta-analyze all data to maximize the statistical power to identify signals that can be investigated in future independent studies. Further, most variants we identified are relatively rare and some have modest imputation score, which again necessitates confirmation from future studies. Finally, the human sense of smell is complex and the smell identification screening tests may not capture the nature and complexity of olfactory impairment. For example, our data could not differentiate primary olfactory deficit from secondary changes due to dysfunction in other brain areas to which the olfactory structures are connected [52, 53] .
Nevertheless, by meta-analyzing GWAS results from three cohorts, we achieved the largest and most comprehensive genetic analysis on the sense of smell among older adults to date. Once our results are independently confirmed, they may provide genetic insights into the sense of smell among older adults which is relevant to neuropsychological and neurodegenerative diseases, and suggests potential racial difference in the genetic susceptibility of the poor sense of smell.
Acknowledgments The authors thank the staff and participants of the ARIC study, Health ABC study, and the ROS/MAP for their important contributions.
The study was supported by the intramural research program of NIH (Z01 ES101986), the National Institute of Environmental Health Sciences.
The Atherosclerosis Risk in Communities Study is carried out as a collaborative study supported by National Heart, Lung, and Blood Institute contracts (HHSN268201100005C, 
Compliance with Ethical Standards
Conflict of Interest The authors declare no competing financial interests.
